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'Nature and Nature'!s laws lay hid in night:

God said, "let Newton bel" and all was light.!

Alexander Pope
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ABSTRACT

Evaporated thin film sandwich structures of Au-SiOx-Auphave been -

studied. These normally show electroforming effects and.subsequently'

electron emission, electroluminescence, negative resistance and

thermal-voltage memory effects. Previous work in the field is

critically reviewed.

It was shown that the time dependence of the device current and
emission current can be explained by making certain modifications to

the filamentary conduction theory of Dearnaley. Detailed direct
current -voltage measurements have revealed the existence of two
different types of breakdown behaviour. A%t voltages less than 20 V
single-hole breakdowns were observed, while in the voltage range

20-30 V large scale irreversible breakdown behaviour took place.

The dependence of the voltage at which this occurs (VB) on insulator
thickness and temperature, together with measurements of the device

temperature at breakdown and visual evidence of damage after breakdown,
has led to the conclusion that this type of breakdown is a thermal
effect. Such measurements also pointed to the existence of a high

field region within the insulator, and potential distribution measurements

confirmed this hypothesis. The high field region was also in evidence

: * 1
at low temperatures where the device current (Ic) showed a log I

< V, <

C b

dependence on applied voltage (Vb)-

Measurements of electron attenuation lengths in Siqx gave values

of 1,00-1000 % irrespective of temperature. The temperature independence

was consistent with the emitted electron energy distributions at 77

and 300 K.
Tt was shown that electrons underwent Bragg diffraction through

the top Au electrode. The angular distribution of emitted electrons

became more isotropic with increasing voltage.
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Measurements on other systems showed that Al-SiOx/B203—A1 devices

could withstand very high voltages and give improved emission efficiency,

while Au-CaBr2-Au and Au-SiBNh

currents and current-voltage characteristics which were irreversible.

~-Au devices showed very high initial
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CHAPTER 1
A REVIEW OF ELECTRICAL CONDUCTION IN AMORPHOUS THIN FILMS
1.1 Introduction
Materials in their thin film form have been used for many
years for lens and mirror coating and other optical purposes.
Only more recently, however, with the ready availability of

commercial evaporating units have their electrical properties

received significant attention. At first this was restricted

to the performance of paésive circulit elements such as resistors
and to insulating film layers used to isolate various components.
Subsequently the use of evaporated metal-insulator-metal (M-I-M)
structures for capacitors was investigated and in some cases these

have proved superior to conventional devices., With the

introduction of integrated circuit technology evaporated films are

widely used for contact s capaciltor and insulator areas of such
circulits., I

In this thesis we are mainly concerned with the conduction
properties of M-I-M structures, although metal-semiconductor-metal

devices are also discussed., Non-metallic evaporated materials

are normally deposited as an amorphous layer containing a large
number of donor and acceptor centres and traps. These are due
to the defect nature of the film and to impurities incorporated

into the film during deposition, The amorphous nature of the
£ilms would lead us to assume that band theory, which is strictly
only applicable to crystalline materials, would not apply.

However, amorphous materials retain their short range order and
local binding forces are essentially the same as in crystalline

form,s1 . Thus it is not necessary to abandon band theory, but

only to modify it in the light of the new circumstances., Two very
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important deviations from the band structure of crystalline

materials are manifest.

(i) Donors and acceptors do not form discrete energy levels.
Due to the ill-~defined potential energy of the levels, trapping
effects and the non-periodicity of the Mlattice a smearing out

of the levels into an Impurity band occurs2. A very similar

3

effect also takes place in heavily doped semiconductors”.

(ii) Band edges do not undergo a sudden transition from

allowed to forbidden energy levels. M@ttlL has shown that a one

dimensional energy band model for a completely amorphous material,
results in a series of localised states. In real amorphous
materials a transition from the band to a localised tail of states
takes place, This transition, at which a significant change in

mobility occurs, is termed the mobility edge. The gap between
the mobility edges of conduction and valence bands is then termed
the mobility gap, a concept which is more appropriate to amorphous

materials than the energy gap employed for crystalline semiconductors.
A fuller discussion of the band model for amorphous materials

is contained in section 1.5.6, where the model of Ralph and Woodcock5

for forming in oxide films is reviewed,

1.2 DC Conduction Mechanisms in Imnsulating Films
In this section the conduction mechanisms most frequently

obgerved in thin film work will be reviewed, Murther reviaws

of these processes are given by L::mﬂ:)6 and Simmons?. The

equations show the variation to be expected in current density J,
with respect to applied field F, and temperature T. k is

J J

r» Yy Jr? Yoo Ippr Ipy 2nd Jgqp, 2T

particular constants for each of the conduction mechanisms.

Boltzmannts constant and J




-3 -

Similarly'BI, By ﬁs and BPF are constants. ¢ is used as a
general symbol for barrier height or activation energy. The

particular meaning will be indicated in each case.

Conduction normally takes place by the transference of
carriers across the insulating layer. Sometimes, however, ionic
conduction is important. This is the transference of ionic charges
between adjacent defect sites under the influence of the applied
field., Conduction takes place by a series of ionic jumps between
neighbouring sites over a potential barrier ¢. The electric fieldr
lowers the‘potential barrier by an amount BIj‘in the forward direction,
and increases it by the same amount in the backward direction.j
For a DC electric field where BIF‘is not negligible compared to kT

the probability of ionic jumps in the backward direction caﬁ be

ignored and the current denSity'is given by

J = J; exp (-i-) exp (E-I-F-‘) (1.1)
kT kT

When conduction is by electronic means, the conductivity is
normally dominated by either potential barriers at the electrode-
insulator interface or by the high resistivity of the insulator.

These two categories are referred to respectively as electrode

limited and bulik limited conduction. Simmons7'has shown that

whether the conduction is electrode or bulk limited depends

primarily on the type of contact at the metal-insulator interface,
If the metal work-function (¢m) is greater than the insulator work-
function (¢i) thermal equilibrium conditions require that electrons

flow from the insulator into the metal, giving a blocking contact.

A depletion region is formed in the insulator at the interface and

the free electron density is then lower than in the bulk. The rate

-
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of electron flow through the system is limited by the rate of flow
over (or through) the barrier and the conduction process is electrode

limited. Conversely if q'i- > Qrm electrons flow from the electrode into

the conduction band of the insulator and an accumulation region
results, This type of contact is termed an ohmic contact. The

space-charge region thus formed in the insulator at the interface

acts as a charge resevoir and can continuously supply electrons for

conduction processes. The electron flow rate 1is then determined

by the reéistivity of the insulator and the process is bulk limited.

Six further types of conduction will be described, the former three

of which are electrode limited and ﬁhe latter three bulk limited.
Under certain conditions thin insulating fihns can conduct

current by means of quantum mschanical tunnelling through the

potential barrier at the contacts, without the need to surmount

the barrier, The insulator must be thin (typically less than 100 )

so that the electron wave functlon is not significantly attenuated

at the opposite electrode. The tunnelling equation gives a complicated

dependence of current on the barrier heights at the two electrodes,

which differs for the forward and reverse bias directions. At higher

voltages (when Vb>> b/e { , Where Vb is the applied voltage and e is

the electronic charge) the equation reduces to the well known

FPowler-Nordheim tunnelling equation

3/2
Pr ? ) (1.2)

J=JFNF23xp— -

where & is the height of the interfacial barrier. Note there is
no t.emperaturé dependence in this equation.
Normally the thickness of the insulator is such that tunnelling

cammot take place. Under these conditions electrons must be
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thermally excited over the barrier (of height ¢) into the insulator

conduction band. The thermionic emission equation of Richardson

then applies, thus

J = JRT2 exP(—-?—) (1.3)

where JR is the Richardson constant.

Usually a lowering of the barrier height ¢ occurs, due to the
high fields present. This 1s known as the Schottky effect and the

above equation is modified to the Richardson-Schottky form

N
J = JST2 exp(—ET-) eXP(Ei—r—) | (1.4)

By far the most important high field bulk effect in insulators
is the Poole-Frenkel effect, which is directly analogous to the
Schottky; effect at a potential barrier. In this case internal

centres (donors) are affected by the high field. The donors,
at an ehergy ¢ below the conduction band, are subjected to a
lowering of the coulombic potential barrier which increases the
probability of emission into the conduction band. The usual

Poole~Frenkel equation associated with thin film insulators i+57_9

J = JPFF exp‘(—i—-) exp(BPFF ) . (1.5)-

KT kT

where

Pop = 2Pg _ - (1.6)

The higher value of B in the Poole-Frenkel case is related to the

"different geometry of the potential barriers at the immobile positive

charge centres. Certain modifications to equation (1.5) ‘sometimes
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apply. Indeed, the original Frenkel equation (derived for bulk
semiconductors) has a factor 2kT replacing kT in the denominators
of the exponentials. Mead8 has suggested that the experimental
behaviour described by equation (1.5) is a result of the existence
of a large number of shallow traps which exhibit Poole-Frenkel

10

emission at high fields. However Simmons =~ has questioned this

explanation and shown that 1f a more realistic value of dielectric

constant 1s used, Mead!s results are compatible with Schottky

emission. Nevertheless equation (1.5) is still generally used to
describe the Poole-¥Frenkel effect in thin film insulators.

Simmons10 has pointed out that a further variation to equation

(1.5), applicable for wide energy gap insulators with shallow
neutral traps and donor centres which are situated below the Fermi
level, can also occur. In this case the kT factor is also replaced
by 2kT and thus the coefficient ofF%/kT iS‘%BPF:'WhiCh is equivalent
to BS' ‘Thus great difficulty is often incurred in distinguishing
between the two processes.

Conduction often takes place by means of the transference of
electrons between neighbouring localised impurity sites. This is
known as impurity conduction and there is no need for electrons to
be excited into the insulator conduction band. Electrons can be

transferred between adjacent sites either by tunnelling through or

by hopping over the potential barrier between the sites. This

potential barrier or activation energy is denoted by ¢. Both the
tunnelling and the hopping type of impurity conduction give a

thermally activated equation of the form

J = Jo F exp<—j’--) (1.7)
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where JTH is a function of the majority carrier concentration, and

the activation energy differs for the two processes.

Finally we must consider an effect which can sometimes occur
when ohmic contacts exist at the electrodes. As we have seen a
negative charge is injected into the conduction band of the

insulator, resulting in a semi-permanent space-charge accumulation

-

region. The width of this region, which is a sensitive function of
trapping parameters, determines whether space-charge limited
conduction occurs. If the widths of the two accumulation regions

are such that an overlap between them occurs, there is a space-charge
throughout the insulator which determines the conduction process.
Near the injecting cathode the field is approximately zero and the

current is carried by diffusion processes only. The current density

under these conditions 1is given by

Jo= dgy P (1.8)

The expression becomes more complicated when a single discrete trap
level is introduced, the right-hand side of equation (1.8) must then
be multiplied by a temperature dependent function of the trap density.
When an exponential trap distribution is considered the current

density shows a power law dependence on F, with the exponent greater

than 2.

13 Negative Resistance and Switching Phenomena
Amorphous thin films normally show conduction properties which

can be explained by a combination of one or more of the conduction

mechanisms described in 1.2. All the mechanisms described

previously for films of thickness greater than that at which
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tunnelling predominates, show an increase in current with field.
However many materials also show negative resistance effects,
sometimes only after a voltage forming process. There are two
types of negative resistance which are distinguished by the shape
of their current-voltage characteristic. These are S-type current
controlled negative resistance (CCNR) and N-type voltage controlled
negative resistance (VCNR).  Although we will be concerned only
with VCNR it is appropriate at this point to also briefly describe
CCNR behaviour, Devices showing both types of characteristic
frequently exhibit related switching and memory phenomena, and it
appears that the two types of negative resistance are not entirely
unrelated. Dearnaley et a.l9 have pointed out that both CCNR and

VCNR can occur in the same oxlide and suggest that differences in

stolchiometry may determine which type develops,.

1e3+1 Current Controlled Negative Resistance
CCNR has been extensively observed in semiconducting

chalcogenide glass thin films, although it has also been observed

in bulk devices. A review is given by'ernisch11 and the effect

7

is also discussed, as part of a wider review, by Simmons' and
Dearnaley et a19. Two types of switch have been reported12.
These are the threshold or Ovshinsky switch and the memory switch.

In the threshold switch at low voltgges a high impedance characteristic
is exhibited. However when the voltage 1s increased above a certain

threshold'vt, the device switches to a very low impedance '"on!" state.

It remains in this state provided a holding voltagevh¢:'vt

holding current Ih are exceeded. When the current is reduced below

and a

Ih the device switches back to the high impedance "off!" state. 'Vt

follows an approximately linear variation with electrode seperation
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while Vh is almost independent of seperation. The memory switch
also shows a high impedance "off" state and a low impedance "on
state, but the switching behaviour is different. Switching from
the "off" to the "on'" state 1is accomplished by applying a high
voltage pulse, whereas switching back to the Woff" state can only
occur after a high current power pulse is applied. The "off"
state cannot be re-obtained merely by reducing the current through
the device, and the "on® gtate is thus a stable memory state. The
disparity in switching times between the two types of switch (about

10_10 s for the threshold and 10-6

s for the memory switch) has led
to different explanations of the switching process. The fast
switching time of the threshold switch is an indication that electronic

(probably space-charge limited) processes are responsible. It has

also been shown that a thermal runaway effect could be responsible
for the switching process and current opinion is divided between
these alternatives. Thermal runaway does not appear to be
applicable to the thicker chalcogenide films. The rather slower

switching time of the memory switch is compatible with atomic

re-arrangement in the glass and this is normally ascribed to the
growth of a crystallised filament between the electrodes. FErasure
of the "on" gtate occurs when the filament is destroyed or when it
undergoes a phase change due to the high current pulse.

Memory switching has also been observed iﬁ transition metal

glasses13. These consist of inorganic oxides containing an

appreciable amount of transition metal ions (Fe, Cu, V, Co, W, Mn)
which can enter the glass in two or more valence states. As with

the chalcogenide glass memory switch, switching from high to low
impedance states is by means of a voltage pulse, while switching

from low to high impedance states is by means of a current pulse.
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CCNR is also exhibited in some simple oxide films. Chc:»pra“L

observed this after a forming process in oxides of Nb, Ta and Ti.
Forming took place when the reverse current density was increased
above 100 mA.cm-2. Current-voltage behaviour below the current
peak suggested a space-charge limited mechanism. Beyond the
negative .resistance region the impedance of the device 1s
effectively zero. A thickness independent holding voltage is
required to keep the device in this state. Hiatt and Hickmott15
have also feported.switching betﬁeen CCNR states and a high

conductivity state which appears after breakdown in Nb2Q5.

1e3.2 Voltage Controlled Negative Resistance
VCNR is observed in a wide variety of oxides, halides and

sulphides. It has also been observed in organic monomolecular

layers of cadmium arachidate16. This type of conduction only

occurs after a voltage forming process. Prior to forming the

current through the device (or circulating current, Ic) shows

log Ibcx Vb% dependence'where‘vb 1s the voltage bias. = From
equations (1.4) and (1.5) this is characteristic of Schottky or
Poole-Frenkel emission. When the voltage is increased to a value

in excess of the forming~voltage‘VF, a large increase in conductivity

(sometimes 8 orders of magnitude17) takes place. Reducing the

current to zero results in the permanent establishment of a VCNR
characteristic. The following general features connected with
the forming process have been established by many workers. They

should not be taken as hard and fast conditions which must be

satisfied to ensure forming, as exceptions to most of them have

been reported.
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f(i) 4 low partial pressure of oxygen in the device environﬁent
1s usually reqguired.

J(ii) The nature of the negatively biassed cathode electrode 1s
unimportant. Anode materials of high conductivity "noble metals™
such as Au or Ag give good formed characteristics, while reactive
metals like Al only form with difficulty. Mg anode electrodes
never show forming behaviour.

(iii) Forming is an essentially permanent change, Un-forming
normally only takes place if the device is run in a high partial
pressure of oxygen, or if non-symmetrical devices with only one
suitable electrode are run at a sufficient reverse bias.

”{iv) v

B does not depend on the insulator thickness, but

'.varieS'with different insulators.

(v) 'VF is only slightly dependent on temperature. Forming

does not occur at low temperatures.

/" (vi) Forming does not normally occur if the insulator thickness
is greater than 3000 R.

The general device properties after forming are described below
and illustrated in figure 1. Bxceptions to these properties are
also sometimes exhibited.

H,(ﬁii) Devices display VCNR characteristics, The maximum
current is denoted by'Ih.and the voltage at which this occurs by'th

The voltage for the current minimum is denoted by“Vu.

(viii) 'Vhlis normally independent of thickness and tempefature.
(ix) Negative registance behaviour is destroyed at low

temperatures, but can be re-established if the temperature is

increased.

(x) The negative resistance part of the characteristic is

exceptionally noisy.
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(xi) Electrons are hot enough to be emitted from the device

and can be collected with a suitable anode, The emission current

15 denotedby'lg and increases rapidly i1n the negative resistance

I‘egion-

(xii) Switching behaviour is exhibited. If the device is

quickly turned off (in less than 0.1 ms) in the negative resistance region

t t
at B, C or D, the new characteristic will follow the paths 0B , OC

t

or D, At the threshold voltage VT < Vm the device switches back
to the low impedance characteristic. In principle there are an
infinite number of memoﬁy states.

(xiii) AC characteristics do not show VCNR but follow the

curves OA, OB, OC or OD.

Quantitative values of device parameters are not given above.

These will be found in the historical section 1... Likewise models

of the forming process and subsequent device behaviour are discussed

in section 1.5.

1.4 A History of the Forming Effect
The forming effect and negative resistance phenomena were first

reported for structures ofAleA1203—Ag by Kreynina et al18. Samples

were produced by anodisation and many showed negative resistance
effects for both polarities with_the;maximum,current occurring at
approximaielj 3 V. TFlectron emission was detected, the voltage at
which this first occurred varying with the thickness of the film.
Extending this Work19 it was found that up to three maxima could be
observed in the IC—Vb characteristic, The position of these maxima
was not dependent on the thickness of the insulating layer.  After
a perliod of operation under dynamic conditions the characteristic

stabilised to a single maximum at 3-4 V. This was reproducible even
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after the specimen had been stored in air for long periods.

However, after storage in air a dependence on electrode polarity was
evident in the characteristic, lowe: currents being passed when the
Al base layer was positively biassed. fThe negative resistance
disappeared on cooling to liquid nitrogen temperature although new
maxima re-appeared when the samples were returned to room temperature;}
Purther work™" was performed using base layers of Mg, Cu, Ta and 0.5%
Nb, steel, duralumin and an alloy of Mg/Al. Negative resistance
effects were also detected and the location of the maximum depended

on the base material. In some specimens when the base layer was

of positive polarity'venylcﬁ currents were passed. This occurred
only with base layers of Al, duralumin, Mg/Al and Ta. Thus the

basic effects of negative resistance, electron emission and dependence
on the positively biassed electrode were observed, but a theoretical

basis was not proposed.

M'ead21 suggested that an improvement in frequency response in

the tunnel diode could be brought about by replacing the n-type

semiconductor by a metal. This would increase the number of carriers

available which effectively limits the frequency response. The
structuré investigated as an emitter had a bottom metal electrode
- which injected electrons through an insulating layer and into a top
electrode through which emission ocburred. The thickness of the

insulating layer was such that electrons could tunnel directly

through to the top electrode, while .the top electrode was kept thin
in order to reduce electron attenuation. The principal limitations
to the efficiency of such an emitter are this electron attenuation,

and also breakdown effects caused by high fields generated over the

thin tunnelling layer.
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In principle the tunnel structure could be used as the emitter
in a three terminal M-I-M-I-M high frequency amplifying device,
but structures of this type (Al1-Al,0.-A1-SiO-Al) failed at currents

2" 3
22

of 1 mA. Further work ~ on two terminal devices gave maximum
emission transfer ratios (a = Ié / IC) as high as 0.01 but a varied

widely between individual samples.

Because the emitting properties of the top electrode were of
such importance, especially when incorporated into a triode
configuration, Mead measured the energy mean free path of hot
electrons in Au23. This was accomplished by using a tunnel
structure of Be-BeO-Au to inject electrons into and through the
counter electrode. The mean free path was deduced from measurements

of the transfer ratio with respect to the top electrode thickness,

measured values being 109 and 103 X for electrons injected at

voltages of 7 and 10 V respectively. - These values are obviously

not thoss for electrons injected into the counter electirode with
energies of 7 and 10 eV, but rather those for an elegtron distribution
with energies ranging up to the tunnelling voltage. Thus, mean ffee
paths measured in the counter electrode, reflect previous scattering
behaviour in the insulator. The significance of this will become
more apparent when diécussing attenuation lengths measured in formed

devices where the insulating layer is thicker and scattering more
prevalent. Attenuation length measurements in formed samples are

all based on the above method, originally used by Mead for tunnel

cathodes.

LY Kanter and F<=3:|.belm«.=.tn2,'L performed an exhaustive study on electron
-emission from Al-A.l203 (67-150 ﬁ)-Au(200-—300 R) structures. For most

samples the characteristic could be explained in terms of Fowler-

Nordheim tunnelling although gsome samples exhibited different
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behaviour. After operation for some time at voltages sufficient
for electron emission and then reducing the voltage to less than
i V a considerable increase in IC was observed. On increasing
the voltage the current dropped again and the subsequent

characteristic showed a reproducible negative resistance region.
Altﬂough at the time this was described as a "breakdown" region
it now seems certain that this was the normal negative resistance
region observed in formed devices, and that the sudden current
increase occurred at the onset of forming. There is a marked
similarity between this behaviour and that previously reported by
Hiclmott2”

The experimental arrangement included a positively biéssed
anode system and retarding potential measurements could be made.
Emitted electron energy distributions were derived by graphically
differentiating retarding potential curves. Typically the
distribution showed a peak at a voltage much lower than that across

the device and very few maximum energy electrons were observed.
Furthermore the average energy of the emitted energy distribution
increased linearly with the applied voltage. Values of a were
deduced for different thicknesses of ﬁk_'l.203 and Au and were generally
found to lie 1n the range 10_6-1 Ou. By depositing Ba, a low
work-function metal, on top of the Au electrode the value of a could

be significantly increased.

I'C.:-z.nt'er26 also measured the attenuation length of hot electrons

in Au using the method described by Mead for tunnel cathodes.

Using an A1203 layer of thickness 100 R, the value of the attenuation
length for a pure Au top electrode was 57 % when a bias of 6 or 17V
was applied. The attenuation length was increased to 75 X when

devices including the additional Ba layer were investigated.




-~ 16 -

* pollack et a12 /22"

observed a field dependent forming process
in evaporated Pb-Al203-Pb diodes, which occurred even in air at
atmospheric pressure. Forming took place at about 12 V for a

340 £ film and un~-forming of samples occurred when the bias was
removed. Forming was uni-directional and only low currents were
passed 1f the applied voltage was in a different direction to that
used to induce forming. VCNR was also evident and the current
peak was generally at about 3 V irrespective of insulator thickness.
The eage of forming was greatly reduced at low temperatures and for
samples formed at room temperature the current fell rapidly between
300 and 235 K. Below this temperature the current remained
relatively constant. A qualitative model was presented to explain

these results. This included the establishment of a positive

ionic space-charge which drifts towards the cathode producing a

local field as high as 108 Vv cmmlI in the cathode region. The

high field region is also consistent with lowered metal-insulator

work-functions, which allow Schottky emission of electrons into

the insulating layer.
25

m Hickmott  observed forming and negative resistance phenomena

23
Zr-ZJ:'O2 -Au and Ti—TiOQ-Au. As the voltage across the freshly madse

in anodically grown diodes of Al-Si0O-Au, Al-Al,.0,-Au, Ta-TaQOS-Au,

Al-Al203—Au films was increased, a critical voltage was reached at
which a sharp increase in current occurred. For a 350 R £ilm this
occurred at L.1 V. On lowering the voltage the current through
the device increased and reached a peak value at 2.3 V. kThis

voltage for maximum current was independent of film thickness between
150 and 1000 R, but varied if materials oth+er than Au were used for
the counter electrode.) The negative resistance region wé.s observed

for either polarity. Forming only occurred when the devices were
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tested under vacuum conditions. Attempts to induce forming at
atmospheric pressure proved unsuccessful.

The temperature dependence of IC was determined and it was
found that the current passed was considerably reduced as the
temperature was lowered. The shape of the current-voltage
characteristic remained unchanged down to temperatures of 195 K,
but the negative resistance region disappeared completely at low
temperafures. Negative resistivity was readily re-established
by increasing the temperature to a value exceeding 195 K. A
thermal-voltage memory effect was also observed. When the
current-voltage characteriétic was first traced out at 188 K
(where there is normally no negative resistance region) a
characteristic very similar to that observed at room temperature
was obtained. However, on reducing the voltage the current did
not exhibit the room temperature behaviour and very low currents
were observed. Negative resistance was not again observed at this
temperature unless the device was once mofe recycled to above 195 K.

AC conduction was also investigated. At 60 Hz no negative
resistance was apparent, but the locus of the maximum AC voltage
traced out the DC negative resistance region. Since switching from
peak current to valley current in the DC characteristic could be
accomplished in approximately 0.5 ps it was not clear why a 60 Hz
voltage (1 cycle lasts about 16 ms) would not trace out the DC curve.
Hickmott concluded that the different conduction processes present
must have vastly different time constants.

Experiments on triode structures yielded extremely interesting
results. A negative resistance region and high conductivity could

be established between base and top electrode, without high

conductivity developing between middle and base or top electrodes.
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For example, 0.5 V between base and top electrode produced a
current of 3 mA, but the same voltage between the middle and
either of the other electrodes produced a current of only 0.1 md.
However, if conductivity was then established to the middle electrode
by applying the forming voltage between it and one of the other
electrodes, high current levels could be detected between any pair
of electrodes. This unusual effect could be explained if one
assumed that the overriding factor in determining conductivity 1is
the condition of the metal-oxide interface region. High‘currenfs
could only be drawn between electrodes if the forming voltage had
previously been appiied across the electrodes. A barrier to
conductivity must therefore be present at electrodes where this
has not been accomplished.

A clear linear correlation between'vmland the square root of
the dielectric constant was obtained for all the oxides investigated.
This indicated that forming and other related effects were

characteristic of thin film insulating oxides and were not specific

to A1203.

L]
1

fazpbservations of electron emission were qualitatively similar
to those of Kreynina =, There was a very sharp increase in the
magnitude of the electron emission at the same voltage as the
negative resistance region appeared, and there seemed to be a close

correlation between these two effects. Emission commenced at

voltages as low as 2.5 V, and since this would not give enough
energy to surmount the Au-vacuum barrier it was concluded that
electrons were probably emitted directly from the insulator
conduction band and then through pinholes in the Au film. On the

29

basls of later evidence °~ another explanation was suggested. There

was a marked increase in Ie at about 5 V, which is just above the
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work-function of Au. This was detected 1in A1203, S10, Ta205

and Zr02, all with Au counter electrodes. The increase in Ie
was apparently due to electrons reaching the Au film with an energy
sufficient to overcome the metal work-function. Attempts to float

off the counter electrode and observe pinholes gave positive results

with A120 however devices using Si0 had continuous counter

33
electrodes with no pinholes. Since electron emission can occur
when the Au is continuous and the applied potential 1s less than
the metal work-function, some other mechanism must be responsible,
The possibility of patches of low work-~-function was eliminated by
photoelectric measurements, and thermionic emission seemed unlikely
in view of the observed sensitivity to applied voltage rather than
power input. Therefore, either some mechanism was operating

whereby electrons with energy of only 2 eV could escape into vacuum,

or (more likely) electrons in the oxide received additional energy
such that their total energy exceeded the work-function of Au.|

ipuring further studies of the current-voltage characteristic
in formed devices HickmottBO observed that the conductivity of a
device could be reduced to a lower‘value by applying a voltage
greater than erand then rapidly reducing it to zero. The low
conductivity persisted provided that voltages in excess of about

1.8 V were not applied. If this voltage was exceeded full

conductivity was restored at some value between 1.8 V and me

A further investigation of this switching phenomenon was later
31-

performed by Simmons and Verderber” !

There appeared to be some correlation between the purity of
samples and their forming voltage. Impure bisulphate anodised

Al films showed a value of'VF (3.7-4.1 V) nearly independent of

thickness. For 510 and purer A1203 diodes, the forming voltage
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increased with oxide thickness. This dependence of forming on

the purity of the insulator, together with the temperature
dependence results discussed earlier, led Hickmott to suggest that
the device properties were probably dependent on impurity'conductioﬁ
through the insulator.

% {SampleS'were also fabricated with different counter electrode
materials which included Ag, Au, Cu, Co, Pb, Sn, Bi, In, AL and Mg.
The base electrode and insulator were Al and Al,0O. in each case.

23
Ag electrodes frequently induced shorting between the electrodes,

and forming was not generally possible unless the Ag electrode was
negatively biassed during forming. With thicker films Ag appeared
to be the optimum anode material, It was impossible to develop
conductivity using Mg electrodes, and the conductivity for peak

currents using the other metals diminished in the order of the

sequence given above. Some device properties were dependent on
the device polarity during forming, but forming itself would
generally occur for either polarity.)

Further measurements on triode structures were made'by'Hickmott32
in order to ascertain the potential distribution inside the
insulating layer. Al-3510-Al-Si0-Au samples were fabricated by
evaporation. The bottom electrode was referred to as the cathode,
the middle electrode as the grid, and the top electrode as the plate,

by analogy with vacuum triode tubes. The voltages across the two

insulating layers could then be referred to as ng and‘Vgc,'while

the total voltage across both layers is V Forming was

pc®
accomplished by applying a voltage between the plate and cathode

with the Au electrode positive. Before forming the potential
divided over the two layers in rough proportion to their thicknesses.

During the forming process the potential shifted until nearly the whole
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voltage drop was between grid and cathode, and Vgc'was almost equal

to V. . The (very low) voltage drop V between the plate and

pc pg’
grid followed the same characteristic as I and thus conduction in

C

the low field region follows an ohmic pattern. Device conduction

is dominated by the high resistance regicin between the grid and
cathode. On reversal of polarity the high resistance region still
remained between the cathode and grid, although the plate was now

at a negative bias, and the negative resistivity and high conductivity
behaviour persisted. Thus negative resistance effegts cannot be the
result of having a high field at the negative electirode which can
assist emission of electrons into the insulator. Further cycling

of the characteristic did sometimes cause a shift of the high

resistance region to between the plate and grid, but device properties

did not vary with the new potential distribution. The salient factor

appeared to be only that there was somewhere in the insulator a high
field region, which was estimated to be of thickness approximately

120 8. A model for the forming process and subsequent operation of
the samples, which was based on the existence of such a high field
region and which assumed an impurity conduction process, was proposed
to account for the various device properties (see 1.5.1).
Electroluminescence was observed from small distinct spots at
voltages greater than 1.8 V. This did not follow the electron

emission curve, falling rapidly when V, exceeded 2.9 V. Emitted

b
light was detected at energy greater than the maximum expected from

the applied voltage. A process, whereby impartation of energy to

carriers inside the oxide occurs, is supported by this and by the

anomalous electron emission resultse.

33

Measurements of the attenuation lengths of hot electrons in

the Au top electrode were also attempted using the following definition
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of attenuation length, A

I
-]-:E = K exp (-—-dx) (1.9)

C

where d is the thickmess of the Au layer and K is the pre-exponential

factor, itself dependent on Vb, oxide thickness and metal work-

function. For values of'Vb~up to 9 V the measured attenuation

lengths were about 200 R,'with slightly higher values below 3 V and

above 8 V., These high values were thought to be due to differences
in the electron energy distribution of electrons entering the Au, or
to differences in scattering at the metal-insulator interface. The
variation of K with Vb‘was also deduced and the major variations in

emission current were reflected in K. An inflexion in K was apparent

at 8.2 V, probably due to transitions between the insulator conduction

and valence bands.

Retarding potential measurements were taken at different values

of Vb and certain features were evident. For'Vb greater than the

Au work~-function there was an inflexion in the curve, and the

proportion of low energy electrons was increased. The proportion
of current due to high energy electrons was about 10_8 of the total

current and remained constant with respect to Vb. The proportion

of low energy electrons increased rapidly“with'V5. The steep rise

in emission at voltages greater than the work-function was due to

electrons coming through the top electrode, while emission at low
voltages must have been due to pinhole emission or electron energy
enhancement in the insulator. 1In view of the fact that thickened
top electrodes reduce the maximum energy of the emitted eléctrons
(which would not be the case for pinhole emission) it was concluded

that at least some of the emitted electrons came through the top
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electrode.

Electron attenuation lengths in A1203 films were also estimated.

A valuve of approximately'200 R was obtalned, and as with the

attenuation lengths for Au measured by Hickmott, this greatly

exceeded values previously measured by other authors.

Preliminary measurements of current-voltage characteristics by

Cachard et a gave results closely resembling those previously

reported by Hickmott. A similar explanation, involving the

formation of centres which are neutralised by the field at higher

voltages, was presented.

i?“iFilaretov et 3135 conducted experiments with Al—A1203-Mf
structures and found that the conducting properties were drastically
affected by the nature of the top electrode. It was proposed that

a junction layer was formed in the insulator by the diffusion of
metal atoms from the electrode. Due to the low thickness of the

A1203 layer (100-500 B) it was suggested that the metal atoms could
diffuse right across the insulator to form deep impurity levels in
the forbidden band of the insulator, which could behave as
recombination or trapping centres. By ionisation of these centres
a space-charge could be formed which would decrease the density of
free carriers and precilpitate the negative resistance region. The

observed decrease in current with oxygen pressure may also be

dependent on a decrease in conductivity because of oxygen adsorption

on the surface of the A1203 layer.
36

\ Barriac et al”~ observed the normal device properties for

4

.‘.'ll
v

Al-A1203(100-1OOO E)-Al films prepared by anodisation and atmospheric
oxidisation of Al. It was observed that forming occurred more

readily when the top electrode was positively biassed even though the

devices were of a symmetrical construction. Subsequent device
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properties, after forming, were not polarity dependent. Rare and
inert gases did not modify the conduction properties, but+the
presence of oxygen caused the complete diseppearance of the negative
resistance region., Increasing the temperature to 100°C did not
increase the conductivity and the usual low temperature behaviour

was observed at liquid nitrogen temperature. Microscopic
examination of the top electrode revealed localised cavities up to

10 ym in diameter and it was suggested that conduction was not uniform
but took place via the defect regions.!

37

Simmons et al observed the spatial distributioniof emitted

electrons by replacing the metal anode with a flat phosphor screen.
Imposed on an illuminated background were many circular arcs, all
of approximately the same radius. Reducing the accelerating potential

and increasing the voltage across the devices both lncreased the size

of the image formed. This was consistent with the following equation.

1
p o= 24edU S (1- 5 3 )2 (1.10)
d'hkl vag d'hkl (Vb"f'fl)

where r 1s the radius in cm, s 18 the cathode-screen seperation, dhkl
is the lattlice spacing in R, Vé 1s the accelerating potential and n
is the Fermi energy of the Au electrode. The clrcular arcs were

explained in terms of coherent scattering processes in the Au electrode.
For the most intensely diffracting (111) Au planes it can be shown

from equation {1.10) that 10 eV electrons would be diffracted nearly
into the plane of the electrode, and would be unlikely to escape.

If diffraction occurs in the region of a pinhole, however, the
diffracted electrons would still retain sufficient energy to be emitted
through the wall of the pinhole and escape into vacuum. Further Workga

in which small area devices were used to cut down the number of arcs
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appeared to substantiate this view. Thick Au electrodes were used
containing a small square hole. The reasori for this configuration
was to stop emission through the top electrnde and to confine it to
the edges of the hole. Radil of emission patterns appeared to be
consistent with (111) diffraction. Slmmons argued that the fact
that emission was only possible by coherent scattering near pinholes,
other electrons being reflected back into the top electrode, was

probably the reason for the low emission efficiency generally exhibited

by cold cathodes.
~ 39

H;%‘ | Verderber and Simmons = described the use of the devices as cold

LI

cathode electron emitters. The variation of IC and Ie could be split

up into four distinct voltage ranges thus

v | I, I
0-2.5 V Ic < ginh K'Vb No emlssion
2.5-3.0V Maximmm current Exponential increase
3.0-7.0 V Negative resistance Slow exponential increase

7.0 V upwards Slight current increase  Sharp increase

Electron emission at voltages less than the work-function of Au were

attributed to the acquisition of energy from the lattice, in

"\.\.#
agreement with the previous work of HickmottJB;}

:ﬁ gﬂSimmons andV'erderber31 reported the memory phenomenon in

Mo ¥

Al~Si0-Au diodes. This was essentially the same as that earlier

30

described by Hickmott™  for A1203 devices. If voltage was returned

to zero in less than 1 ms from some point in the negative resistance

region and a voltage less than the threshold voltage V., re-applied a new

T

higher impedance characteristic was traced out. This characteristic

remained unless the voltage+exceeded.VT, when the low impedance state

was restored. In principle the device could be used as a multi-state
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analogue memory with each state corresponding to a different point 1n
the negative resistance region (see figure 1). Similar AC
charactzristics to those described by Hickmot. were observed, the
locus of the end points of the characteristics corresponding to the
DG curvgﬂ

2,17

jﬁ) iﬁimmons et al studied the factors involved in the forming of

A1-~Si0-Au devices. Results were very similar to those of Hickmott.

Oxygen pressure had to be less than 10_2 torr or forming was inhibited,

but the reasons for this effect were not discussed. Samples formed

at a high temperature formed faster and passed more current than those
formed at lower temperatures. There was also a slight decrease 1n
forming voltage with temperature over a range of 300 K. oamples could

not be formed when the Al electrode was positive, and samples which
had been forméed with the Au electrode positive could be un-formed by

applying an increased voltage in the reverse direction. ‘The temperature
dependent forming process and reversibility of forming were taken to be

a strong indication of ionic migration. On the basis of these
observations a new model of the forming process was developed in which

a band of localised states were introduced into the forbidden band of

17

the insulator . This was later ektended to include most of the

subsequent conduction phenbmen32 (see 1.542) \

1O

Iomax and Simmons later described an alpha-numeric display

panel consisting of a 5 x 5 array of cold cathodes. Although the
preparation of these panels was relatively easy and inexpensive, poor
lifetimes caused by dielectric breakdown and continued forming limited
their exploitation,.

Using a 20 V DC voltage on which a pulsed bias was superimposed

U1

Lancaster” was able to observe emission patterns for voltages up to

30 V. Electron energy was then sufficient to allow them to be
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transmitted through the surface of the top electrode. Emission was
not restricted to pinhole edges as was observed by Simmons for lower
electron energies. Emission patterns were ohtained showing circular
arcs with radii consistent with diffraction from the (111) planes of
Au, and at voltages greater than 26 V a sebondary'arc was sometimes

observed which was attributed to (200) diffraction.

SjﬁiDearnaleyh2 proposed the novel theory that conduction took place

through a matrix of conducting filaments which were propagated during
the forming process. This idea was to be the basis of a new model

which was described to account for some of the previously unexplained

device pr()pertiesb'3 (see 1.5.5).1

E:Barriac et alml explained the ICJVb characteristics in terms of

a combination of ionic and tunnelling mechanisms. At higher voltages
tunnelling occurs over a narrow region established as a result of the

accumilation of positive ionic space-charge (see 1.5.&).:&

Pinto and Sh.a.haLLS observed VCNR in sputtered films of Nb-szog-Al
or Au films. The effect was observed in air as well as under vacuum
and was not dependent on device polarity. Differences from the normal
I JVb curves were apparent, the main point being the sharp rise in

c

current after the negative resistance region at voltages of approximately
3 Ve This effect was attributed to non-destructive avalanche breakdown.

Negative resistance behaviour was explained in terms of a model whereby
a trapping process causes a space-charge to accumulate, finally giving

rise to a dipole layer at the metal-insulator lnterface, As the trapped

charge increases the barrier height increases resulting in a sharp

decrease in current.

L6

In a series of theoretical publications Hrach =~ investigated many
of the properties of M-I-M structures, although his results were not

applied directly to formed materials. In particular the effects of
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elastic scattering, optical phonons and traps were considered and
their effects on the emission current were discussed. A
theoretical expression was obtained for a asswning Fowler-Nordheim
tunnelling and the existence of a distribution of traps in the
insulator. An expression for the angular distribution of emitted

electrons was derived, and it was shown that an isotropic angular

distribution required short mean free paths for elastic interactions

and long mean free paths for collisions with traps.

SO L7

"> | Greene et al

™

investigated the dependence of device properties
on the nature of the anode material, They found that the effectiveness
(maximum current density under specified conditions) of anode materials
was in the following order P4, Ir, Pt, Au, Ag, Cu, C, Si, Ni, Co, Fe,
zn, Sn, Pb, Cr, In, Mn, Be, Al, Mg. The most effective anode materials
were those of low chemical reactivity, while reactive anode metals gave
poor resultse.

During forming devices were monitored with a méss spectrometer and
results indicated the evolution of fluorine from fluoride devices.

Similar experiments on oxide devices were not attempted because of the

high background level of atmospheric oxygen.

A correlation was found between observed forming voltages and
values of the Gibbs free energy of formation of various halides. The
Gibbs free energy corresponds to the minimum voltage for normal solid
state electrolysis and the correlation observed was close enough to
suggest strongly that forming was by this process.

The growth of current during switching from the high to the low
impedance state was investigated. Switching was not instantaneous
and current growth took place over several milliseconds. The current
did not rise smoothly with time but increased in a series of irregular

current steps. This was indicative of a number of seperately switching
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areas, each of which switched at a different time.

A new model was presented in which a form of high field solid
state electrolysis occurs in certain localise¢d regions of the insulator.
A series of chemical reactions takes place leading to the establishment
of chains of defect centres across the insulator. Conduction takes

place through these chains by a tunnelling process. Various device

properties, particularly the poor performance of devices in an oxygen
atmosphere and the evolution of fluorine from fluoride devices, could
be satisfactorily explained by this model (see 1.5.3)J1

1.8 |

 Dearna1ey' described a filamentary model to account for the

N
. [

] r '
\ -

—

properties of oxide coated cathodes. It was suggested that the
filaments consist of chains of metal atoms seperated by oxygen vacancies
which are produced when the cathodes are thermally activated. The

vacancies can take up oxygen atoms from an oxygen atmosphere, and thus

poisoning of the cathodes is adequately explained. Emission is
originally field emission, but the filament current raises the local
temperature and initiates thermionic emission from the ends of the

filaments to a suitable anode. Micker nolse which is characteristic

of oxide coated cathodes is caused by the thermal rupture and subsequent

field-assisted re-forming of the filamentary'paths;E

rBarriac et alh9 studied various aspectis of Icévb and IGAVb
characteristics in Al-Al,0,-Al or Au films., They investigated the

2 3
dependence of Ih‘and'vm with the frequency of an AC signal applied to

the device., TWhile Vm.remained roughly independent of frequency the

value of Iﬁ dropped sharply between O.1 and 10 Hz. Increasing the
5

partial pressure of oxygen from 10 °~ to 0.2 torr produced a significant
change 1n the device properties. The first trace gave the normal

negative resistance characteristic, but the reverse trace gave a high

impedance characteristic which did not exhibit negative resistance.
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Subsequent traces for both increasing and decreasing voltage followed
the high impedance curve. Emission current measurements showed a

peak value at a voltage slightly above that of Vm.and then a region

of low emission at approximately 5 V. A very sharp increase in
Ie'withvbwas detected at about 6 V. Barriac et al extended their
Ll

ionic/tunnelling theory noted earlier ~ and gave experimental values

for the constants used to characterise the electron emission (see Te5eli)e

Hartmann et also made careful quantitative measurements of the

spatial distribution of the emission current from.AlﬁAl203aAu samples.
Using a Lallermand electronic camera, plates were produced of which the
optical density was proportional to the local emission current.
Densitometer tracings then gave the actual emission current. They
observed emission from localised areas and noted that the intensity

and number of emitting spots increased with time.  Short circuité
through the alumina at which localised heating caused increased emission,

were tentatively suggested to be the predominant source of electron

emission.

{Tf} i:Bernard et a151 observed VCNR inAl-Al203~Au structures of thickness

25.500 . A study of the capacitance of these samples at 1000 Hz
showed a linear correlation between anodising voltage and capacitance.
They concluded that VCNR was dominated by conduction in a narrow high
field region, in agreement with the observations of Hickmott32. Since

VCNR was apparent in devices of thickness as low as 25 R they concluded

that the high field region must be of thickness less than 25 %, Iﬁcreasing .
diode voltage increases the width of the high field domain which decreases
the efficiency of the tunnel effect and lowers the current carried{E

Galkin and Ignat'evse observed VCNR in Al-Al203-Al devices at low

temperatures. They suggested the effect was due to a space-charge

limited current controlled by traps near the Al-Al203 interfaces. The
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origin of these surface traps was probably due to interaction of the
Al with adsorbed molecules of gases on the Al surface and water vapour

in the 4iffusion pump oil.

V" |Forming at atmospheric pressure and subsequent VCNR was reported
in Zr-2r0, -Au diodes by Park and BasavaiahSB. Optical and electron

2
microscope studies revealed the formation of spots of diameter 5-7 pum

during forming and switching operations. Observation of the devices
when covered with a liquid crystal, indicated that the current was

concentrated in the region of a specific spot. Oxygen deficient areas

round the rims of the spots were detected by electron microprobe

analysis .\

glFEQQThe forming process was observed in diodes of Yb~YbO-~-M by

Jawelekar'u*who noted two differences from the normal negative resistance

behaviour. Firstly the current in the negative resistance region was
stable in contrast to the normal noisy behaviour. Secondly, a sharp

current increase occurred at higher voltages in agreement with the

results of Pinto and Sha.'he:-Lb5 and Barriac et alh9. Electron emission

was detected at voltages in excess of 10 V. He explained the VCNR

in terms of a heavily doped p-n junction formed in the Yb0 layer by
excess metal and oxygen atoms. Négative resistance is then a result

of a similar process to that 1n the tunnel diode, where the heavy doping

causes the Fermi level to drop into the valence band of the p-type layer.!

55

Thevenard et al”” measured the angular distribution of emitted

electrons from.Al~A1203-Al films which exhibited VCNR. They used a

hemispherical collecting anode, divided into circular zones which were

insulated from each other. Two distinct types of angular distribution
were observed. At very low voltages a nearly isotropic distribution

was found which was throught to be due to radiative recombination

processes in the oxide producing a sea of photoelectrons in the electrodes.
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At higher voltages a highly non-isotropic distribution, corresponding
to heavy scattering in the insulator was determined. With increasing

voltage the distribution became more isotropic, in accordance with the

L6(d)

predictions of Hrach for insulators with traps and where electron-

phonon scattering is important.

56

Hrach” showed that penetration of the electric field intensity

into the electrodes could modify the angular distribution of emitted
electrons and vary the value of IC by an appreciable amount.
Attenuation length measurements of hot electrons in Au were

performed by Niquet et alS?. samples were fabricated with the top

electrode thickness ranging from 100-450 . Emission current was
measured by an electronic camera and results were calculated by the

method of HickmottBB. They found values of the attenuation length in

Au to vary from 60-88 X for voltages of 2.8-3.4 V. The thickness

of insulating Al203'was only 55-75 X and tunnelling must have been
the predominant conduction mechanism.

Gould and Collins58 studied the spatial distribution of hot electrons
emitted from Au-SiO-Au films. FEmission patterns for voltages up to
approximately 20 V were very similar to those observed by Simmons et a137,
and were composed of a number of brightly illuminated arcs of the same

radii, none of which subtended an angle greater than 180°.  The arc radiil were

consistent with the diffraction of hot electrons by the (111) planes of
the polycrystalline Au counter electrode prior to emission from pinhole

edges. At higher voltages (using a pulsed biassed system suggested by
Lancasterhj) they clearly observed almost completely circular arcs which
they assumed to arise from emission through the top electrode. The
first arc appeared at a bias of 20 V and a second lower intensity arc
appeared at 26 V. Using the condition for emission from th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>